Purpose After total disc replacement with a ball-andsocket joint, reduced range of motion and progression of facet joint degeneration at the index level have been described. The aim of the study was to test the hypothesis that misalignment of the vertebrae adjacent to the implant reduces range of motion and increases facet joint or capsule tensile forces. Methods A probabilistic finite element analysis was performed using a lumbosacral spine model with an artificial disc at level L5/S1. Misalignment of the L5 vertebra, the gap size of the facet joints, the transection of the posterior longitudinal ligament, and the spinal shape were varied. The model was loaded with pure moments.
Introduction
Total disc replacement (TDR) is one option for the treatment of lumbar degenerative disc disease. It is thought that artificial discs relieve pain and restore normal range of motion (RoM) [1] [2] [3] [4] . However, facet joint degeneration (FJD) at the index level has been reported following TDR [5] [6] [7] . Although FJD is associated with pain, the etiology of FJD is still unexplained.
In a retrospective study that included 32 patients with 41 TDRs (ProDisc II), Park et al. [5] observed a progression of FJD in 12 of the 41 implant levels (29 %) after a minimum 2-year follow-up. In contrast, among 47 adjacent segments, the progression of FJD was found in only three levels. In a retrospective study, Shim et al. [6] compared the Charité III disc prosthesis with the ProDisc II prosthesis at a minimum of 3 years postoperatively. The Charité III disc was implemented in 33 patients and the ProDisc II in 24 patients; the degeneration rates of facet joints at the index level were 36 and 32 %, respectively. The rates were not significantly different between the two groups.
In a prospective study, Siepe et al. [7] investigated the fate of facet joints after TDR in 93 patients. In 20 % of the facet joints, progressive FJD was observed. They found FJD more frequently at the index levels than at the nonindex levels. The RoM in segments with progressive FJD was significantly lower than in segments that were not affected by any progression of FJD. Furthermore, the progression of FJD negatively affected the postoperative outcome parameters of the visual analogue scale and the Oswestry disability index; this effect was already detected a few months after surgery.
During TDR surgery, part of the degenerated intervertebral disc is removed, and the assembled artificial disc is driven into the resulting space using an anterior approach. The upper plate of the artificial disc is fixed to the cranial vertebra, and the lower plate is fixed to the caudal one. When inserting an artificial disc, the resistance of the two adjacent vertebrae against displacement in the posterior direction is not necessarily the same. The resistance depends on several factors that are related to anatomy or the surgical procedure, such as the stiffness of the adjacent discs, preparation of the implant bed, and differences in the sclerosis of the endplates. Thus, it is possible that due to the insertion the relative alignment in the sagittal plane of the vertebrae adjacent to the implant is altered. This would affect the gap size in the facet joints at the index level and, therefore, the contact facet joint forces and the capsule tensile forces.
We hypothesized (1) that anterior displacement of the cranial vertebra adjacent to a TDR with a ball-and-socket joint relative to the caudal vertebra leads to a reduced facet joint gap and thus higher forces (2) that posterior displacement leads to higher capsule forces, and (3) that displacement in either direction leads to a reduced RoM at the index level. It is assumed that permanent, high facet joint forces and high capsule forces lead to a progression of FJD and thus to a worse clinical outcome.
The aims of this study (part one) were to test our abovementioned hypotheses using the finite element method, to deliver an explanation of the progression of FJD after TDR, and to determine the factors with the strongest effect on facet joint and facet capsule forces during TDR. In an associated paper (part two), clinical results after TDR are investigated, and the correlation between misalignment of the adjacent vertebrae and clinical outcome is determined to clinically validate our hypotheses.
Methods
Finite element model of the lumbosacral spine A finite element model of the lumbosacral spine was employed. It has previously been validated regarding intersegmental rotations and intradiscal pressure using experimental data [8] [9] [10] . The model consists of five lumbar vertebrae, a sacrum, five intervertebral discs, and all eight major ligaments (Fig. 1a) . The facet joints consist of two curved articulating surfaces with anatomical orientation [11] . The cartilaginous layers were simulated using a soft contact with an exponentially increasing contact force and a decreasing contact gap [12] (Fig. 1b) . The facet joints had a gap of 0.5 mm in the unloaded neutral position. The annulus fibrosus of an intervertebral disc was modeled as a fiber-reinforced hyperelastic composite [13] . The fibers were embedded in the ground substance and arranged in concentric rings around the nucleus pulposus in 14 layers with a crisscross pattern. The nucleus pulposus was assumed to be incompressible and was modeled as a fluid-filled cavity. The ligaments were represented as tension-only spring elements with a nonlinear force-deflection behavior. More detailed information about the fibers and the ligaments has been presented elsewhere [14] [15] [16] . The material properties of the different tissues were taken from the literature and are summarized in Table 1 .
Spinal shape
Roussouly et al. [17] measured several parameters (sacral slope, pelvic incidence, pelvic tilt, inflection point, lordosis tilt angle, angle of global lordosis, number of lordotic vertebrae, position of the apex, and the angle and number of vertebrae in the upper and lower arc of lordosis) in lateral X-rays of 160 patients and defined a four-part classification scheme of sagittal morphology. Accordingly, four additional finite element models were created representing these four spinal shapes (Fig. 2 ). (Fig. 1c) . For this procedure, the anterior longitudinal ligament was transected, and the nucleus and the anterior part of the annulus fibrosus were removed. The artificial disc was modeled by a kinematical coupling of the adjacent vertebrae [18] [19] [20] , simulating idealized behavior of the implant. This method was realized with connector elements, which keep the nodes of the adjacent endplates within the allowed kinematics.
Probabilistic study
The following four parameters were simultaneously and uniformly randomized: a. Misalignment of the L5 vertebra in the antereoposterior (a.p.) direction due to implantation of the artificial disc: values of the misalignment varied between -2 and ?2 mm. The implant position relative to the sacrum was fixed. The L5 vertebra was displaced relative to the upper endplate of the artificial disc in the a.p. direction without constraints. This generally causes forces in the facet joints or in the ligaments and thus leads to an additional rotation of the L5 vertebra in the sagittal plane. b. Resection of the posterior part of the annulus in combination with transection of the posterior longitudinal ligament at level L5/S1: yes or no.
c. Spinal shape: five different shapes were investigated; the shape of our original model and the shapes of the four types, after Roussouly et al. [17] . d. Initial facet joint gap size: the gap size was varied between 0.3 and 0.7 mm.
The Latin hypercube sampling method [21] was used to generate samples of the four input parameters. The optiSLang (Dynardo, Weimar, Germany) program was employed to randomize the samples and subsequently calculate the probabilistic and sensitivity results. In this study, 400 samples were generated, and thus 400 finite element calculations were performed for each loading case using the finite element program ABAQUS, version 6.8 (SIMULIA Inc. Providence, Rhode Island, USA). This sample size includes a sufficient number of calculations to establish acceptable confidence intervals at the confidence level of 95 %.
The output parameters of the probabilistic finite element study were the intervertebral rotation Cardan angles calculated in the loading plane, the contact forces in the facet joints at the index level and the level above, and the tensile forces in the facet capsule.
Boundary and loading conditions
The caudal part of the sacrum was rigidly fixed. In the first loading step, misalignment of the L5 vertebra in the a.p. [17] . The models vary regarding sacral slope, lordosis tilt angle, angle of global lordosis, number of lordotic vertebrae, inflection point, position of the apex, and the angle and number of vertebrae in the upper and lower arc of lordosis direction was simulated without an additional external load. In the second step, pure moments were applied to simulate motions in the three anatomical main planes. Flexion and extension were simulated by applying bending moments of ±7.5 Nm in the sagittal plane [22] . For lateral bending, a moment of 8 Nm and for axial rotation, a torsional moment of 5.5 Nm were applied [23, 24] .
Evaluation
For the output parameters, scatter diagrams were generated. The RoM, which indicates the overall motion in the loading plane due to the application of a pure moment in both directions, was calculated for flexion-extension, lateral bending, and axial rotation at the index level. Lateral bending and axial rotation caused different loads in the left and right facet joint and facet capsule. If not mentioned otherwise, the higher value is always shown in this study. In a sensitivity study, the coefficient of importance (CoI) was calculated for each of the input parameters. This value reflects the influence of a single input parameter on the output variability. High CoI values, therefore, signify the significant importance of a certain input parameter. A positive value for the a.p. displacement of the L5 vertebra represents an anterior shift of the vertebra relative to the sacrum, while a negative value corresponds to a posterior shift of the L5.
Results

Intervertebral rotation and intervertebral RoM
Without an external load, increased anterior displacement of the L5 vertebra leads to increased extension at the index level, while displacement in the posterior direction has only a minor effect on intervertebral rotation at the index level (Fig. 3) . Displacement of the L5 vertebra by ±2 mm in the a.p. direction causes a change in the intervertebral rotation of approximately 3°. For the loading case flexion, the intervertebral rotation varied between 2.1°and 5.8°. For extension, the displacement variation led to a change in the rotation of up to approximately 2°.
For all principal motions, the RoMs are maximal for little or no L5 misalignment. Increased misalignment in the anterior and posterior direction decreases the RoM at the index level (Fig. 4) . For a single spinal shape, the reduction of RoM is maximal for flexion/extension and reaches 2°. There is a larger variation in the results with anterior misalignment.
The RoM of the segment above the TDR is only slightly affected by misalignment at the L5/S1 level.
Contact facet joint forces and facet capsule tensile forces at the index level
For values between 0.5 and 2 mm, an anterior L5 misalignment without an external load already leads to contact facet joint forces with maximal values of up to 240 N (Fig. 5) . In contrast, the capsular tensile force increases nonlinearly to 20 N for posterior L5 displacements between 0.5 and 1.1 mm (Fig. 6) . A further displacement in the posterior direction increases the capsular forces almost linearly up to 80 N.
Flexion in general reduces the facet joint forces, which results from the anterior L5 misalignment (Fig. 5) . However, maximum forces of more than 200 N are still predicted. For flexion, the tensile forces in the facet capsule are 20 N without a.p. displacement and reach a value of 160 N for a posterior displacement of 2 mm (Fig. 6) . Extension increases the facet joint forces (Fig. 5) . No contact forces during extension were calculated for an L5 displacement of more than approximately 1.5 mm in the posterior direction. Forces of up to 350 N are predicted for an anterior displacement of 2 mm. The tensile forces in the facet capsule depend almost linearly on the displacement (Fig. 6 ). An anterior L5 misalignment of 2 mm leads to an average force of approximately 75 N, while this force increases to 220 N for a displacement of 2 mm in the posterior direction.
For lateral bending, forces in the ipsilateral facet joint are predicted for misalignment between 1.2 mm in the posterior and 2 mm in the anterior direction. There is an almost linear increase in the facet joint force with increasing anterior displacement. A maximum value of nearly 400 N is calculated in the present study (Fig. 7) . In the facet capsule, tensile forces between 20 and 100 N are predicted for displacements in the anterior direction and a maximum force of 160 N for a posterior displacement of 2 mm (Fig. 8) .
For axial rotation, the calculated facet joint forces are nearly 300 N for an anterior displacement of 2 mm (Fig. 7) . In the facet capsule, the maximum tensile force on the contralateral side is approximately 190 N (Fig. 8) .
A misalignment at the L5/S1 level has only a minor effect on the facet joint forces and capsular tensile forces in the segments above the TDR.
Coefficient of importance (CoI)
The sensitivity study showed that the misalignment of the L5 has by far the greatest effect on the facet joint forces (Table 2 ). This parameter explains 53 % of the contact force variation for flexion and 89 % for extension. For lateral bending and axial rotation, the CoIs were 92 and Fig. 5 Influence of an a.p. displacement on contact facet joint forces for the load cases without external load, flexion, and extension Fig. 6 Effect of an a.p. displacement on facet capsule tensile forces for the load cases without external load, flexion, and extension Fig. 7 Influence of an a.p. displacement on contact facet joint forces for lateral bending and axial rotation For the capsule tensile forces, the misalignment is the dominant factor (Table 2 ). For flexion, extension, lateral bending, and axial rotation, CoIs of 87, 91, 82, and 95 %, respectively, were calculated. The other input parameters have CoIs of not more than 7 % for extension, up to 18 % for lateral bending, and a maximum of 1 % for axial rotation.
Discussion
In a probabilistic finite element study with subsequent sensitivity analysis, it could be shown that a misalignment of the L5 vertebrae due to the implantation of a TDR leads to high contact facet joint forces or high tensile forces in the facet capsule and to a decrease in the RoM.
Siepe et al. [7] found lower RoMs during flexionextension in a cohort of patients with progressive facet joint degeneration in comparison with a group of patients without any progressive degenerative changes. The difference of the medians between the two groups was approximately 3°. For a 2-mm displacement, the current model predicted a reduction of the RoM during flexionextension of approximately 2°on average. Misalignment of the L5 vertebra was not quantified in any clinical study, and, therefore, maximal values of the anterior and the posterior displacement were estimated in this study. However, the displacement might be even larger than 2 mm after TDR, explaining the slightly larger reduction of the RoM during flexion-extension measured by Siepe et al. [7] . Furthermore, this study shows that besides flexionextension, there is a reduction of the RoM in all main anatomical planes. This general finding illustrates the overall meaning of a misalignment for the motion and the resultant forces in the facet joint and the capsular ligaments at the index level during daily activities.
For all loading cases studied, an anterior displacement of the L5 vertebra leads to more than 200 N higher facet joint forces (Figs. 5, 7) . It is assumed that such a strong load increase may lead to a degeneration of the facet joints, especially because none of the standard loading cases releases the facet joint. The high contact force in one facet joint is for unsymmetrical loading cases accompanied by high facet capsule tensile forces in the other facet joint. Additionally, for a posterior displacement, high facet capsule forces are predicted. These high tensile forces may also cause local effects, which might accelerate the degeneration process in the facet joint. The results of this study corroborate our hypotheses that a misalignment of the L5 cranial adjacent vertebra after TDR leads to a reduced RoM and to high forces in the facet joints or facet capsules. Persistent high facet joint forces or facet capsule forces might induce the progression of FJD. Thus, the numerical results are able to explain the clinical results described by Siepe et al. [7] .
The center of rotation of a segment after total disc replacement is defined by the fixed center of rotation of the implant which is located in the caudal vertebral body (Fig. 1) . During flexion the cranial vertebra rotates around this center and thus the facet joint gap increases.
The sensitivity study showed that the misalignment of the cranial vertebra adjacent to a TDR is the main reason for high facet joint and high facet capsule forces. For the tensile forces in the facet capsule, the spinal shape, the resection of the posterior annulus, and the posterior longitudinal ligament may explain only up to 18 % of the variance (Table 2) .
This study has some limitations. The results for a TDR are only presented at level L5/S1; however, we found very similar results for a TDR at level L4/L5. More than 60 % of TDRs are inserted at level L5/S1 [7] . Furthermore, only single-level TDR is investigated in this study. In addition to the misalignment, only three additional parameters were varied in this study, although there are additional characteristics, which differ among patients. In particular, segmental distraction during insertion of the implant, the material properties of the various tissues, and the various morphologies of the facet joints were not varied in this study. The employed model was validated for the used set of material properties and achieved good agreement with experimental data [8] [9] [10] . The facet joint forces in the employed basic model were validated with measurements performed by Wilson et al. [25] . This group measured facet joint forces for lumbar specimens loaded with 7.5 Nm in extension and axial rotation in the ranges of 9-48 N and 53-109 N, respectively, and the predicted model forces agree well with these measurements and lie in the range of 15-44 N and 50-83 N for the respective loads. To account for patient individuality, five different spinal shapes were included in this study. TDR with only a fixed center of rotation was investigated here. Pure moments and no axial compression force were applied in this study. Generally, an axial compression force on the lumbar spine causes a bending moment depending on the lever arm between the force and the center of rotation. In contrast, an optimized follower load path passes through the centers of rotation and thus causes no bending and intervertebral rotation [26] . However, when the center of rotation is varied due to a misalignment of the vertebrae, the follower load already creates a bending of the spine without any applied moment. An ideal ball-andsocket joint cannot transfer any bending moments. Thus, a follower load would lead to an additional intersegmental rotation at the index level, depending on the magnitude of the misalignment, which may lead to a misinterpretation of results due to a superimposed rotation.
In conclusion, in a probabilistic finite element study, it could be shown that an anterior displacement of the vertebra cranial to a TDR with a ball-and-socket joint leads to high facet joint forces and a posterior displacement to high facet capsule forces at the index level. A misalignment also reduced the RoM at that level. These results may explain the progression of FJD often found after TDR. In an associated clinical study [30] , these findings are validated.
